A time-resolved optical tomography system has been used to generate crosssectional images of the human breast. Images are reconstructed using an iterative, nonlinear algorithm and measurements of mean photon flight time relative to those acquired on a homogeneous reference phantom. Thirty-eight studies have been performed on three healthy volunteers and 21 patients with a variety of breast lesions including cancer. We have successfully detected 17 out of 19 lesions, and shown that optical images of the healthy breast of the same volunteer display a heterogeneity which is repeatable over a period of months. However, results also indicate that the lack of accurate quantitation of optical parameters and limited morphological information limits the ability to characterize different types of lesions and distinguish benign from malignant tissues. Drawbacks of our current methodology and plans for overcoming them are discussed.
Introduction
The incidence of breast cancer in the UK alone is around 41 000 new cases each year, of whom about one-third die of the disease (Cancer Research UK 2004) . It is recognized that mortality rate can be reduced by early detection and appropriate treatment. In symptomatic women, breast cancer often presents as a painless breast lump, and diagnosis is made by triple assessment (clinical examination, cytology/histology and imaging by x-ray mammography or ultrasound). X-ray mammography is the imaging modality of choice in women over 35-40 years of age, but breast ultrasound is used in younger women with denser breasts, due to the reduced effectiveness of x-ray mammography. In the UK, x-ray mammography is also routinely employed in breast screening of asymptomatic women between 50 and 64 years of age as part of the NHS National Breast Screening Programme. However, x-ray mammography suffers from a significant number of false positives which often lead to unnecessary biopsy. Other conventional diagnostic techniques such as magnetic resonance imaging (MRI) also play a significant role in the diagnosis and characterization of breast disease, but x-ray mammography remains the primary method of detecting and staging breast tumours.
The development of optical methods of detecting breast cancer has been explored with sporadic bouts of enthusiasm during the last 75 years, although with relatively little success (Hebden and Delpy 1997) . The use of optical radiation to image biological tissues is attractive partly because it is safe, but chiefly because it can reveal contrast between normal and diseased tissues which are not evident using established diagnostic imaging methods. The principal mechanism for contrast at visible and/or near-infrared wavelengths is the characteristic absorption by haemoglobin and other dominant tissue chromophores, such as fat and water. Furthermore, the differences between the absorption of oxy-haemoglobin and deoxy-haemoglobin provide a means of determining oxygenation, and therefore of studying tissue function.
Unfortunately, the effectiveness of many previous attempts to image the breast with light has been limited by very poor spatial resolution, caused by the severe scatter of light as it passes through tissue. Recent advances in lasers and opto-electronic instrumentation have opened up the possibility of new methods of overcoming the effects of scatter, and have encouraged a major focus on the development of so-called optical mammography by numerous academic and industrial research laboratories throughout the world. Imaging techniques currently being pursued generally involve either compressing the breast between two parallel arrays of sources and detectors (or between plates over which individual sources and detectors are scanned) (Culver et al 2003 , Grosenick et al 2003 , Li et al 2003 , Pera et al 2003 , Taroni et al 2004 , or coupling sources and detectors in one or more rings around the surface of the uncompressed breast (Barbour et al 2004 , Dehghani et al 2003 , Jiang et al 2001 . The former approach is particularly appropriate for generating single projection images, while the latter is more readily able to yield depth information sufficient for a full three-dimensional (3D) image reconstruction. Most experimental systems offer one of three types of measurement: continuous wave (CW) intensity values; times-of-flight (in response to illumination by a short pulse) and amplitude and phase data (in response to an intensity-modulated source). Measurements are usually performed at two or more wavelengths in order to distinguish the contributions of different chromophores.
The European consortium known as OPTIMAMM, established in 2000, has enabled nine research groups in six EU countries to work together on developing new optical techniques for imaging breast cancer, and specifying the optical properties of breast tissues, including tumours. As part of our participation within the consortium, we have developed and tested a 3D breast imaging scheme based on a 32-channel time-domain imaging system. The instrument, described in detail by Schmidt et al (2000) , records the temporal distribution of transmitted light at up to 32 locations on the surface simultaneously in response to illumination by picosecond pulses of light at wavelengths of 780 nm and 815 nm. Images are generated using a reconstruction package known as TOAST (temporal optical absorption and scattering tomography), which determines the optical parameters that describe a finite-element model (FEM) of photon migration within an object by comparing its predictions with the measured data (Arridge and Schweiger 1997) . The parameters of the model are then adjusted iteratively to minimize the difference between the two, and thereby 3D images are produced which represent the internal distribution of scatter and absorption . In this paper, we describe the programme of optical mammography studies performed at University College London (UCL), which involved building a suitable interface to couple the time-resolved instrument to the breast, developing effective imaging and calibration protocols, and generating images on a cohort of patients and healthy volunteers.
Method

Patient interface
For breast imaging to be clinically effective, particularly if either the presence of lesions is unknown or their location is uncertain, it is desirable that as much of the breast is imaged as possible. For our application, there are a number of important factors which influence the choice of acquisition geometry. First, to make the optimum use of our relatively small number (32) of detecting channels, sources and detectors should be placed in close contact with the breast so that as much information as possible is derived from the volume of interest. Second, to accommodate a wide range of breast sizes, the geometry must be reasonably adjustable. Third, for accurate image reconstruction the sources and detectors must be fixed at precisely known positions during a measurement, and that the shape of the breast is known.
For preliminary breast studies, a conical fibre holder has been constructed in the form of a series of three connecting rings, shown in figure 1(a). The rings can be used in isolation, joined in pairs, or all combined, depending on the size and shape of the breast. The design is closely based on an electrode array used for electrical impedance imaging of the breast (Holder 1995) . The conical holder has been successfully employed to generate 3D optical images of tissue-equivalent breast phantoms (Hebden et al 2001) . The rings are supported by an adjustable frame, shown in figure 1(b). The volunteer leans against the frame with either the left or right breast placed in one of the two holes. The rings within the holes are of different diameters to accommodate a variety of breast sizes. The volunteer sits or stands, with her raised arms and head resting on a cushioned pad mounted on the top of the frame. The height of the rings and the angle of the frame are both adjustable. Pairs of source fibres and detector fibre bundles are attached to the rings via connectors which provide a common circular illumination and detection area with a diameter of 6 mm.
Clinical and phantom measurements
The imaging system has been evaluated using tissue-equivalent phantoms, a small number of healthy volunteers and a variety of patients with pre-diagnosed lesions. The initial scans on healthy individuals were conducted in order to assess the comfort and effectiveness of the fibre holder, and to obtain a preliminary indication of the quality of the data for a given data acquisition time. Thereafter, studies focused on women with a variety of pre-diagnosed conditions in order to observe any correlation between types of lesion and their appearance in the optical images. In each case, results were compared with the medical notes and images from alternative imaging modalities where available.
Our protocol for recruiting volunteers for the study involved requesting full informed written consent from women for whom a recent clinical assessment (physical examination, ultrasound or x-ray mammography) had identified a suspicious lesion or a clinical diagnosis. Most patients had yet to undergo further tests, such as a fine needle biopsy, or MRI examination, to confirm a diagnosis. Our imaging system was placed 'on standby' for a period of time during the weekly breast clinic at the UCL Hospital so that appropriate, consenting patients could be scanned immediately. Routine recruitment following confirmation of a malignancy was not considered, partly because of the anxiety associated with such a diagnosis and the prospect of surgery, and partly because the few days between diagnosis of a malignant lesion and its removal by surgery were insufficient to arrange a scan. As a consequence of this protocol, almost all volunteers for the study had benign rather than malignant lesions. However, determination of the characteristic appearance of a broad variety of benign lesions is essential if they are to be distinguished from malignant lesions using optical tomography.
For each volunteer, scans were performed using single rings containing 16 source/detector pairs. The fibre laser source provides interlaced trains of picosecond pulses at 780 nm and 815 nm with a mean power of about 25 mW, and thus the transmitted temporal distributions at both wavelengths were acquired simultaneously. Each source location was illuminated for 15 s so that the total scan duration was less than 5 min. Throughout this study, a so-called difference imaging approach was performed (Hebden et al 2002 . Difference imaging involves calculating the differences between the data measured on the breast and the data measured on a suitable reference medium, and generating images which represent the differences in absorption and scatter relative to the reference medium. The known optical properties of the reference are then added to the derived difference images to produce 'absolute' images of the breast. The nonlinear reconstruction algorithm does not require that the optical properties of the reference medium are equal to the average optical properties of the breast, although convergence upon the 'correct' values is more likely to be successful when the properties are close. The approach has been employed previously for imaging the infant brain (Hebden et al 2002) as well as tissue-equivalent phantoms (Hebden et al 2001 . While difference imaging enables any systematic errors inherent in both measurements to largely cancel, errors can occur if the reference medium has a geometry poorly matched to those of the breast, or if its optical properties are not precisely known. For the imaging studies presented here, reference measurements were acquired using a homogenous, conical epoxy-resin phantom with an absorption coefficient µ a = 0.007 mm −1 , a transport scatter coefficient µ s = 0.8 mm −1 and a refractive index of 1.56 (at 800 nm). The phantom was scanned immediately following each patient scan. At regular intervals throughout the project, a similar conical phantom containing targets of contrasting optical properties was also scanned to validate the data acquisition and processing procedures.
Data processing and image reconstruction
A 3D FEM mesh was generated on the basis of a section of a cone that has the same slope as the rings and extended by 10 mm in both directions from the central plane through the sources and detectors (see figure 2 ). The mesh, generated using NETGEN software (Schöberl 1997) , contains 18 589 nodes and 12 325 tetrahedral elements with quadratic interpolation functions. In practice, the TOAST reconstruction algorithm accommodates data in the form of specific datatypes, which represent certain characteristics of the measured signal, such as temporal moments. Previous studies have shown that intensity or mean flight time is the most robust in the presence of noise (both systematic and shot noise) and their combination generally provides a good separation between absorption and scatter . However, the use of intensity as a datatype requires the coupling efficiencies between the sources and detectors and the surface of the breast to be known or to be included in the model as a reconstructed parameter . Furthermore, the use of intensity in difference imaging requires that the coupling to the breast is the same as the coupling to the reference media, which will not be the case in practice (due to dependency on local skin texture, colour, moisture, etc). Temporal variance was also explored as a potential datatype, but values were found to be too noisy at large source-detector separations due to low photon counts. Therefore, images were reconstructed using the differences between the mean photon flight times measured on the breast and the phantom.
It has been proven that the use of intensity alone is insufficient to separate the effects of the internal scattering and absorption properties (Arridge and Lionheart 1998) . Previous computer simulations and phantom experiments have suggested that the use of meantime only is also unlikely to be sufficient to achieve separation of scatter and absorption, and a degree of cross-talk between these parameters is inevitable. Therefore, for most of the cases presented here we reconstructed 3D images of the absorption coefficient only, assuming that scatter was uniform and constant (at a value of 0.8 mm −1 ) throughout the breast. Although this assumption cannot be justified physiologically, we anticipate that the inherent variation in scatter is likely to be less than that in absorption, and the discrimination between tissues of interest is more likely to be manifested as contrast in absorption. Fifteen iterations were performed with the TOAST reconstruction package, starting from a homogenous estimate with properties corresponding to those of the breast phantom. Although these absorption images must necessarily exhibit features due to local variation in both absorption and scatter, such reconstructions typically display fewer artefacts due to the unpredictable cross-talk between the parameters than absorption and scatter images generated simultaneously.
Results
In this section, each displayed image represents the transverse slice across the 3D reconstructed image, corresponding to the ring of sources and detectors. The 15th iteration is displayed in each case, at which point the iterative process had evidently converged. Almost no qualitative difference was observed between images acquired at 780 nm and those acquired simultaneously at 815 nm, and in most cases the 780 nm images are shown. A colour scale is used to indicate the reconstructed values of the absorption coefficient, although the maps cannot be considered to be quantitative due to the inevitable (and unknown) variation in scatter coefficient.
Conical breast phantom
Scans were performed on a conical breast phantom containing targets with contrasting optical properties, using the same ring and acquisition protocol employed for the human volunteers. The phantom, described in detail elsewhere (Hebden et al 2001) , has the same 'background' optical properties as the homogeneous reference phantom, but contains three targets located within the plane of the ring, as illustrated in figure 3(a) . Each target is cylindrical with a height and diameter of 10 mm. Their optical properties (relative to the background µ s and µ a ) are (A) 2µ s and µ a , (B) µ s and 2µ a and (C) 2µ s and 2µ a . Figure 3(b) shows the absorption image obtained using differences in mean flight times at 780 nm and assuming constant scatter.
Target B with twice the background absorption is clearly indicated in the phantom image as a high-absorbing feature. Target C with twice the background absorption and scatter also produces a region of high absorption, although with lower contrast than target B. Meanwhile, features we might associate with target A with twice the background scatter alone are less obvious. To understand the appearance of this image, it is necessary to consider what effects a local increase in scatter will have on measurements of mean flight time, and to understand how these effects will be interpreted by the reconstruction algorithm which assumes that scatter is constant throughout the medium. A local increase in scatter will cause measurements of light transmitted through the region to experience an increase in mean flight time (due to the extra time delay), which will be interpreted as a local decrease in absorption, which also increases mean flight time. However, the influence on measurements corresponding to small source-detector separations (i.e. a reflection geometry) can be different, because a local increase in scattering near the surface can produce an increase in the number of diffusely reflected photons which would otherwise have penetrated deeper within the medium. This phenomenon can therefore produce a decrease in photon flight time, interpreted as an increase in absorption. Our sets of tomography data correspond to a range of source-detector separations, and thus it might be expected that the appearance of scattering targets assuming constant scatter could be influenced by both effects. Target A with twice the background scatter appears to exhibit a bi-polar structure, with a region of higher-than-background absorption nearer the surface (primarily influenced by measurements recorded at small sourcedetector separations), and a more dominant region of lower-than-background absorption nearer the centre (influenced by measurements at larger separations). Not surprisingly, target C with twice absorption and scatter appears to show a combination of the effects seen for targets A and B.
To provide further validation, a 3D FEM model of the phantom was generated, and the experiment was simulated. The resulting values of mean flight time were used to reconstruct an absorption image assuming constant scatter, shown in figure 3(c) . The true position of the modelled targets is indicated by the black crosses. The image is remarkably similar to that obtained from the experimental data, and confirms that a scattering target produces a dominant region of low absorption slightly deeper than the true target position, and a much lower contrast region of higher absorption nearer the surface.
Overall, the phantom studies have confirmed that the technique can identify isolated regions of high absorption successfully, which is good news assuming discrimination between tissue types is more likely to be based on contrast in absorption. However, phantom results have also highlighted that any variation in scatter within the breast could lead to features which may be difficult to interpret.
Healthy tissue
Three healthy volunteers were scanned at the start, although further information on the appearance of healthy tissue has been gained subsequently from images of the contralateral breast of patients with known lesions. Example images obtained from the left and right breasts of a 32 year old healthy volunteer are shown in figure 4 . This image and all subsequent breast images are presented from the point of view of an observer in front of the volunteer, with the volunteer's right on the left-hand side. These are typical of images obtained for younger women, which show a highly heterogeneous distribution in the absorption properties across the image. Healthy breast images often display one or two highly absorbing features towards the centre. Although the source of these features is unknown, they are likely to be due to some anatomical feature of the breast such as the pectoral muscle (especially as this will be pulled forwards by the breast tissue as the volunteer leans forwards into the imaging rings), internal blood vessels or the glandular tissue, which is known to be the region of the breast with the highest vascularity and therefore with the highest haemoglobin concentration (Pogue et al 2004) . Breast images for a given volunteer commonly exhibit a degree of left-right symmetry, which is also evident in figure 4.
Benign nodularity
Benign breast nodularity is an increased density of breast tissue on clinical examination and is frequently seen in women complaining of mastalgia or breast lumps. We obtained images for four patients with benign nodularity. In all cases, the images showed heterogeneities that were comparable in size, contrast and number to those seen in healthy volunteer images. However, in the cases where individual nodules were known to exist in a specific region of the breast, areas of high contrast were observed in the corresponding location in the image, although these were generally not the most dominant feature. The mechanisms for optical contrast of such nodules require further investigation.
Mastalgia
Mastalgia, or breast pain, is a condition whose origin is not completely understood, and patients suffering from mastalgia generally exhibit no abnormal features in images obtained with other modalities (Pierce 2002) . Nevertheless, a significant number of patients with mastalgia are referred to breast surgeons for assessment and for an x-ray mammogram to ease anxieties of an association with a malignancy despite little evidence to support that such an association exists (Duijm et al 1998) . Mastalgia can either be related to the menstrual cycle (cyclical mastalgia), with the pain intensifying close to menstruation, or can occur continuously (non-cyclic mastalgia). Various causes of mastalgia have been proposed such as hormonal influences, water retention, psychoneurosis and a deficiency of essential fatty acids, although proof of a link in each case has yet to be established (Pierce 2002) . It is possible that the functional information provided by optical mammography could help us to identify the unknown physiological processes that cause mastalgia. In particular, it may be able to identify changes associated with cyclical mastalgia as a degree of variation in haemoglobin concentration during the menstrual cycle has already been observed for normal tissue (Pogue et al 2004) . If this were to be the case, then optical mammography could become a valuable tool in the diagnosis, study and management of mastalgia, particularly if compression (which increases pain) is avoided.
We have scanned three women diagnosed with non-cyclical mastalgia and one with cyclical mastalgia. The results obtained for the cyclical mastalgia patient are displayed in figure 5 . These correspond to a 28 year old woman who volunteered to undergo a series of optical scans in order to study the correlation, if any, between the distribution of absorption within the breast and the degree of pain. She was imaged six times over an interval of 4 months at specific occasions corresponding to low and high pain within her cycle. On each occasion, her left breast was imaged twice, and during two visits her right breast was also imaged as a comparison. Figure 5 shows images acquired during each of the six visits, including three acquired during a period of low pain and three during high/moderate pain. No correlation between the degree of pain and features within the images is apparent, and the mean absorption value appears to remain constant at a value of about 0.007 mm −1 . Single studies of the three patients with non-cyclical mastalgia also failed to reveal any features which were strongly dissimilar to features exhibited in the contralateral breast.
Despite the negative result, the set of images in figure 5 exhibit remarkable reproducibility, revealing a consistent 'optical print' which is characteristic of the individual volunteer. To confirm that the displayed features were indeed independent of systematic effects, the positions of sources and detectors were rotated between successive scans, yet the positions and contrast of exhibited features in the reconstructed images remained unchanged. Furthermore, images of the volunteer's right breast showed similar repeatability, and a strong mirrorsymmetry compared to the left breast images. Finally, we note that the variable high-absorbing region on the right edge of each image in figure 5 is a feature which has appeared in the breast images of some other patients, on the outside of the breast nearest the shoulder. We believe the high absorption in this case is due to the pectoral muscle being pulled forwards in the breast, and the variability depends on the positioning of the patient within the ring of sources and detectors.
Fibroadenoma
Fibroadenomas are mobile benign breast lumps with a distinctive histological appearance and a low vascularization, commonly seen in younger women. In all cases, it is important to confirm the diagnosis of a benign lump. X-ray mammography or ultrasound is routinely used in the assessment of breast lumps, but when appearances are inconclusive a core or excision biopsy is required. Fibrodenomas are sometimes identified as suspicious on an x-ray mammogram and consequently can be the cause of unnecessary biopsies. An imaging study by Taroni et al (2004) suggested that fibroadenomas have no unique optical characteristics, and it is to be generally expected that they will exhibit similar absorption values to those of healthy breast tissues.
Eight patients diagnosed with fibroadenomas underwent optical scans. Figure 6 shows the image acquired for a 26 year old female with a fibroadenoma located in the right breast. The lesion was diagnosed via clinical examination, ultrasound and fine needle aspiration (FNA). The ultrasound scan (figure 6(c)) indicated a well-defined acoustically hypoechoic lesion with estimated dimensions of 17 × 16 × 12 mm 3 , and centred about 2 cm below the surface in the right upper outer quadrant. The FNA cytology confirmed the diagnosis of fibroadenoma through the identification of benign epithelial and stromal cells. The image obtained of the right breast exhibits no strongly dominant feature, although the region of higher absorption seen in the upper inner quadrant is consistent with the expected position of the fibroadenoma. However, the image of the left breast obtained also shows two regions of comparable contrast.
This result is typical of what has been observed for fibroadenoma patients in our study. In each of the cases where images were successfully obtained, the fibroadenoma appears as a region of higher absorption though it was never the most dominant feature in the image (see section 3.8).
Optical scans have also been performed on two patients who have undergone interstitial laser photocoagulation (ILP) treatment to remove fibroadenomas. As described in detail elsewhere (Hebden et al 2005) , optical imaging was used successfully to monitor the initial inflammatory response in one patient, and the subsequent recovery of the tissue over a period of 12 months.
Cyst
Cysts are fluid-filled sacs that develop within the breast tissues, and are generally quite easy to diagnose during ultrasound examination. The fluid in most cysts is clear, although occasionally it can contain traces of blood products causing it to appear dark. A previously reported case study (Hebden et al 2005) revealed that cysts can provide relatively strong optical contrast as a consequence of their low scatter. The effect of a low scattering region will be opposite to that of the high scattering target in the phantom study described in section 3.1: a local decrease in scattering will cause the temporal distribution of transmitted photons to become narrower, decreasing the meantime datatype. Since a local increase in absorption also decreases meantime, absorption images reconstructed assuming constant scatter will be expected to display regions of low scatter as absorption maxima (assuming data are dominated by 'transmission' rather than 'reflection' measurements). We scanned one volunteer with a large cyst, and as expected the absorption image reconstructed assuming constant scatter was dominated by a region of very high absorption. However, as described in section 3.1, this cross-talk effect is not straightforward, and small cysts (particularly if near the surface) may produce effects which are difficult to interpret.
Suspected malignancy
Four women were scanned with lesions suspected of being malignant. A 48 year old woman presented at the breast clinic with a breast mass composed of two separate lumps in the right upper outer quadrant. An MRI scan was performed prior to the optical scan, and the lesion was diagnosed as an invasive ductal grade III carcinoma. Lesions of this grade are highly vascularized. Optical scans were performed on both her breasts, and figure 7 shows the absorption images obtained. Figure 8 shows the subtraction MRI image, acquired using the contrast agent gadopentetate dimeglumine (Magnavist). The MRI image in figure 8 is shown in a similar orientation to that of the optical images in figure 7 .
The optical image obtained in figure 7 shows a large absorbing region in the location of the lesion whose position correlates well with the tumour identified in the corresponding MRI image. The high optical contrast is consistent with what would be expected for a highly vascularized malignant lesion. No similar feature is observed in the corresponding absorption image for the left breast, although there is a small region of high contrast near the bottom left. This is possibly an artefact caused, for example, by poor coupling of a detector to the skin, but may also be due to a surface blood vessel.
The optical absorption images obtained at a wavelength of 780 nm (not shown) are qualitatively very similar to those shown in figure 7, although there is a slight increase in the absorption maxima in the region of the lesion at 780 nm compared with 815 nm, which would indicate an increased concentration in deoxy-haemoglobin in this region. This is consistent a One volunteer who received ILP treatment of a fibroadenoma was scanned prior to the treatment and so appears in both the fibroadenoma and ILP categories. Another volunteer was diagnosed with mastalgia and benign nodularity and is included in both categories. N/A means the scoring system is not applicable.
with previous studies (Grosenick et al 2003) and with the known physiology associated with increased vascularity in the region of a tumour. Unfortunately, without sufficient separation between absorption and scatter, reliable blood volume and oxygen saturation maps cannot be obtained.
As described earlier in section 2.3, images have been reconstructed of absorption only, with the unrealistic assumption that the distribution of scatter within the breast is constant. For this particular case, we explored the consequence of reconstructing both parameters separately in anticipation that it might confirm that the lesion produces a strong perturbation in absorption rather than in scatter, consistent with increased blood volume. The absorption and scatter images reconstructed simultaneously using meantime are shown in figure 9 . The absorption image now exhibits a second smaller feature adjacent to the larger feature, consistent with the initial clinical diagnosis of two distinct lesions apparent in the corresponding MRI scan. Meanwhile, the scatter image shows a distinct decrease in scatter in the region of the lesion. This is likely to be due to parameter cross-talk, although a physiological origin cannot be ruled out. There is also a region to the left of the image that exhibits high scatter, which does not appear to relate to any feature seen in the MRI image and is most likely to an artefact resulting from arbitrary separation between the parameters.
Unfortunately, satisfactory results could not be obtained for three of the four volunteers with lesions suspected of being malignant, exposing the limitations of the 2D ring scanning method. Being less dense and less firm, the breasts of two post-menopausal women did not make sufficient contact with the top of the ring, allowing light to leak directly between neighbouring sources and detectors, severely contaminating the data. Although adequate data were recorded on a third volunteer, the lesion (revealed by biopsy to be malignant) was situated close to the chest wall and too far away from the plane of the ring, and was therefore missed.
Summary
A total of 38 scans of 24 volunteers (3 healthy volunteers and 21 patients) were undertaken using our optical tomography system, and the results are summarized in table 1. To provide a quantitative measure of the ability of the system to detect lesions from the sample of images, we have adopted a classification system proposed by Grosenick et al (2003) and Taroni et al (2004) . This involves grading images from 1 to 5 according to the following visibility categories: 5-lesion is the dominant feature in the image; 4-contrast of lesion is comparable to other features; 3-contrast of lesion is inferior to other features, but still clearly identified; 2-contrast of lesion is weak; 1-lesion is hardly perceivable, and only detected if position is already known; 0-lesion is not visible; X-an image was not obtained.
An image was not obtained in four cases where the patient's breast did not conform to the size or shape of either ring. The scores for the ILP treatment images were assigned according to the appearance of the area of treated tissue after removal of the fibroadenoma. These exhibited a region of very high absorption immediately after treatment which decreased in contrast during the following months (Hebden et al 2005) .
Discussion
The purpose of the limited clinical study described above has been to provide an initial indication of the potential of time-resolved optical tomography of the uncompressed breast as a diagnostic tool. While many areas for improvement of the technique are evident, initial results have indicated a sensitivity to the normal heterogeneity of the breast, an ability to identify certain lesions, and an encouraging reproducibility of results. For studies where a specific lesion was known to exist, optical images yielded a visibility score of 2 or above (corresponding to an identifiable feature) in 17 out of 19 cases. We also note that almost all our volunteers have been pre-menopausal women who tend to have dense breasts, which may result in a reduction in contrast for some lesions (Cerussi et al 2001) . Of the two malignant lesions studied, one was imaged successfully with a visibility score of 5 (figure 7), while the second, which yielded a visibility score of 0, was missed due to its location well above the plane of the ring, near the chest wall.
The reproducibility of the images seen in a volunteer with cyclical mastalgia (figure 5) is highly encouraging, and confirms that the heterogeneous regions are strongly characteristic of the optical properties of the specific breast. The variation between images obtained from different volunteers also suggests that the distribution of optical properties is highly variable. However, it is not yet possible to interpret such images, and correlation with anatomic information derived from alternative imaging modalities needs to be performed. Interpretation has been further complicated by the effect that variability in scatter may have on the absorption images, as demonstrated by the phantom image and simulation result shown in figures 3(b) and (c).
The adopted methodology has demonstrated certain advantages compared to other forms of optical imaging which involve compression. Volunteers found the procedure to be comfortable, which was a particular benefit to mastalgia patients for whom compression of the breast is very painful. The cross-sectional images also display depth information (within the plane), enabling features to be more easily identified and their positions correlated with other imaging data. Nevertheless, our study has revealed a number of significant limitations: we can only acquire 2D images; the use of meantime alone cannot robustly separate the effects of absorption and scatter; and only 16 (out of a possible 32) sources and detectors are used. Furthermore, the geometry of the rings was not able to accommodate all women who volunteered for the study due to breast size, and for older women in particular there was often insufficient contact between the breast and some sources/detectors within the ring.
Although optical imaging is strongly sensitive to absorption by haemoglobin, and therefore is expected to identify vascularization associated with certain types and stages of tumour, our current approach cannot yet distinguish between healthy and diseased tissues, or between benign or malignant lesions. Development of 3D optical tomography into a more effective functional breast imaging modality requires images of optical properties to be converted into more directly useful parameters, such as concentrations of oxy-and deoxy-haemoglobin, blood volume and blood oxygenation. An ability to derive such parameters from optical images of the breast has already been demonstrated by Pogue et al (2004) and Torricelli et al (2003) . Improvements in quantitation of optical parameters require adequate separation between scatter and absorption, which can be accomplished using suitable combinations of datatypes.
To address the limitations inherent in our current approach, we are developing a new fibre coupling system based on a fluid-filled cup into which the breast is placed, similar to the method employed by Philips (Colak et al 1997) . The new device will utilize all 32 sources and detectors, will accommodate a much broader variety of breast sizes, will provide a constant (and measurable) coupling, enabling the use of intensity data and provide a true 3D sampling of the breast volume. The outcome should be more accurate separation between absorption and scatter, leading to improved quantitation of optical properties, and the provision of reliable functional information (e.g. blood volume and oxygenation).
